Escherichia coli responds to K -limitation or high osmolarity by induction of the kdpFABC operon coding for the high affinity K -translocating KdpFABC complex. Expression of the corresponding operon is controlled by the membranebound sensor kinase KdpD and the cytoplasmic response regulator KdpE. Here, we examine the oligomeric state of KdpD. KdpD-His 673 CGln and KdpD-Asn 788 CAsp are kinase inactive. When the corresponding genes are coexpressed, the resulting KdpD protein regains kinase activity in vitro, suggesting that the functional state of KdpD is at least a dimer and that the kinase reaction is a result of a trans-phosphorylation between two monomers. Furthermore, coexpression of kdpD6His and kdpD-(v128^391) leads to stable heterooligomers that can bind to Ni-NTA agarose and that are coeluted. Purified and solubilized KdpD-6His has been electrophoresed in blue native polyacrylamide gels (BN-PAGE), and unphosphorylated and phosphorylated KdpD resulted in the same band pattern suggesting that the oligomeric state of KdpD does not change upon phosphorylation. In addition, determination of the molecular masses of KdpD-6His and KdpD-6HisV 32 P by gel filtration reveals a value of 245 kDa for both forms of the protein. The Stokes radius is determined to be 5.4 nm. Sucrose gradient sedimentation analysis of KdpD-6His results in a molecular mass of 289 kDa. The calculated molecular mass of a KdpD-6His monomer is 99.6 kDa. Considering the detergent bound to KdpD the obtained data reveal that KdpD is a homodimer and there is no change in the oligomeric state upon activation. Crosslinking experiments with single Cys KdpD molecules indicate that there is a close contact between the monomers in the transmitter as well as in transmembrane domain 1. BN-PAGE of solubilized and purified KdpD-6His devoid of Cys residues demonstrates that Cys residues do not contribute to the stabilization of the dimer. ß 1998 Elsevier Science B.V. All rights reserved.
Introduction
KdpD and KdpE comprise a sensor kinase/response regulator system of Escherichia coli which regulates the expression of the kdpFABC operon [1] . The kdpFABC operon encodes the high a¤nity K -translocating KdpFABC complex (see [2] for review). Downstream of the kdpFABC operon, the kdpDE operon is located encoding the two regulatory proteins KdpD and KdpE [3] . KdpD and kdpE have been cloned, sequenced and overexpressed [1] . KdpD is an integral protein of the cytoplasmic membrane whereas KdpE is localized in the cytoplasm [4] . According to hydropathy analysis of the primary amino acid sequence of KdpD and topology studies, the following secondary structure has been proposed ( Fig. 1 ): KdpD consists of a large cytoplasmic Nterminal domain, four putative transmembrane domains (TM1^TM4) and an extended C-terminal transmitter domain [5] .
KdpD can be autophosphorylated by the Q-phosphoryl group of ATP at the conserved His residue at position 673, and subsequently, the phosphoryl group is rapidly transferred to the response regulator KdpE [4] . Phosphorylated KdpE shows an increased a¤nity to bind upstream of the kdpFABC promoter region and consequently triggers transcription of this operon [6] . The enzymatic activities of KdpD have been shown with puri¢ed protein reconstituted into proteoliposomes and puri¢ed KdpE [7] . Moreover, KdpD is found to be the only protein which mediates the dephosphorylation of puri¢ed KdpEVP [7] . The phosphatase activity of KdpD is signi¢cantly increased in the presence of ATP or non-hydrolyzable ATP analogs whereas other nucleotides have no effect [8] . Based on recent studies with KdpD proteins in which di¡erent Arg residues were individually replaced with Gln, an electrostatic switch mechanism within the protein is proposed through which the ratio of the kinase to phosphatase activity seems to be regulated [9] .
The stimulus which KdpD senses is believed to be a decrease in turgor or an e¡ect thereof [10, 11] . Expression of kdpFABC is induced under K -limiting growth conditions (less than 2 mM), where the constitutive K -translocating systems TrkG, TrkH and Kup of E. coli are unable to maintain the required intracellular pool of K . In mutants lacking these K transport systems, kdpFABC is already expressed in media containing less than 50 mM K . There is no correlation of the kdpFABC expression with internal K concentration when this parameter is altered by changing medium osmolarity. Therefore, neither the external nor the internal concentration of K seems to be sensed, but what might be called the`need' for K to maintain turgor [10, 11] . Control by turgor is supported by the ¢nding that a sudden increase in medium osmolarity, which reduces turgor, transiently turns on expression of the kdpFABC operon. This model has been challenged recently by the ¢nd-ing that there is a di¡erence in expression of kdpFABC when the osmolarity of the medium is increased by a sugar or a salt (see [12, 13] and our own observation). Analysis of mutant forms of KdpD that express kdpFABC constitutively regardless of the K concentration of the medium, but retain the ability to respond to changes in medium osmolarity, led Mizuno and coworkers [14] to suggest that KdpD senses two stimuli: decrease in turgor and K concentration.
Formation of dimers or oligomers of receptor proteins has been shown to play an important role for transmembrane signaling. Many receptor proteins, e.g. the receptors of epidermal growth factor [16] or the human growth factor [17] form dimers upon ligand binding, while the aspartate receptor Tar of E. coli exists as a dimer in a ligand-independent manner [18] . It has been demonstrated that the functional state of the sensor kinase CheA (essential for chemotaxis) [19, 20] , the osmosensor EnvZ [21] and the nitrogen regulatory kinase NRII [22] is dimeric. Moreover, it was shown that autophosphorylation occurs in trans with the kinase domain of one monomer catalyzing the phosphorylation of the His residue in the other monomer. It is not yet clear whether activation of a sensor kinase induces a monomer-todimer transition. To our knowledge only in case of the membrane-bound sensor kinase VirA of Agrobacterium tumefaciens a dimer was shown that is independent of ligand-binding [23] . Recently, it was demonstrated that the cytoplasmic domain of EnvZ is able to form a dimer [24] .
In this report we applied several techniques to characterize the oligomeric state of KdpD. We could show that KdpD is a homodimer and that autophosphorylation occurs in trans between two monomers. Moreover, the results indicate that KdpD does not undergo a monomer-to-dimer transition upon phosphorylation.
Materials and methods

Materials
[Q-32 P]ATP, and Sephacryl S-300 were purchased from Amersham Pharmacia Biotech. Goat anti-(rabbit IgG)-alkaline phosphatase conjugate was purchased from Biomol. Ni-NTA agarose was from Qiagen. Protein standards were obtained from Sigma- [15] or its derivatives carrying di¡erent kdpD mutations was used for expression of kdpD from the tac promoter. In plasmid pBD, kdpD was cloned into pBAD18 [15] , in which expression of kdpD is under control of the arabinose promoter. In plasmid pBD3, kdpD was cloned into pBAD33 [27] . Plasmids pBAD18 and pBAD33 are compatible and cloned genes can be coexpressed in E. coli [27] .
Oligonucleotide-directed site-speci¢c mutagenesis
Replacement of Asn 788 with Asp in KdpD was achieved by PCR. The site-speci¢c mutation was directed by a synthetic mutagenic oligonucleotide primer using the PCR overlap extension method [28] . The PCR product was puri¢ed in an agarose gel and digested with restriction enzymes StuI and ClaI. The DNA-fragment was ligated to similarly treated pPV5-1 resulting in plasmid pPV5-1/ N788D 1 . Plasmid pPV5/H673Q [4] was digested with StuI and ClaI and cloned into equally treated vector pPV5-1 as described above. Plasmids pWP 4-92 (v128^391) and pWP 6-92 (v12^395) [29] were digested with PstI and StuI and the resulting DNA fragments were cloned into equally treated vector pPV5-1 or pPV5-6His [7] , respectively. Six codons for His at position 2676 of the kdpD gene devoid of codons for Cys [15] were inserted by PCR using a mutagenic primer. The DNA fragment was digested with ClaI and HindIII, and ligated to similarly treated pPV5-1-Cys-less. All kdpD constructs were cloned into pBAD18 or pBAD33 [27] using restriction sites XmaI and HindIII.
Preparation of inverted membrane vesicles
E. coli strain TKR2000 transformed with plasmids pPV5-1 or pBD/pBD3 carrying the di¡erent kdpD mutations was grown aerobically at 37³C in KML complex medium (1% tryptone, 0.5% yeast extract and 1% KCl) supplemented with ampicillin (100 Wg/ ml) or ampicillin (100 Wg/ml) and chloramphenicol (34 Wg/ml). Overexpression from genes under control of the arabinose promoter was achieved by addition of 0.2% arabinose to the medium. Cells were harvested at an absorbance at 600 nm of V1.0. Inverted membrane vesicles were prepared as described previously [7] . Vesicles were resuspended in 50 mM TrisHCl, pH 7.5; 10% glycerol, frozen in liquid nitrogen and stored until use at 380³C.
Puri¢cation of KdpD-6His
Solubilization and puri¢cation of KdpD-6His and its derivatives were carried out as described [7] . Brie£y, KdpD-6His was solubilized with 2% lauryldimethylamine oxide (LDAO) and puri¢ed by Ni-NTA a¤nity chromatography.
Phosphorylation assays
Inverted membrane vesicles containing KdpD (2 mg protein/ml) were incubated at room temperature in phosphorylation bu¡er containing 50 mM TrisHCl, pH 7.5; 10% glycerol; 0.5 M NaCl; 10 mM MgCl 2 and 2 mM DTT. Phosphorylation was initiated by addition of 20 WM [Q-32 P]ATP (2.38 Ci/ mmol). At di¡erent times, aliquots were removed and mixed with an equal volume of 2U concentrated SDS-sample bu¡er. All samples were immediately subjected to SDS-polyacrylamide gel electrophoresis (PAGE) [30] . Shortly before stopping SDS-PAGE, an [Q-32 P]ATP standard was loaded on the gels. Gels were dried and phosphorylation of the proteins was detected by exposure of the gels to a`Storage Phosphor Screen'. Phosphorylated proteins were quanti¢ed by image analysis using the`Phosphorimager SI' of Molecular Dynamics. To prepare phosphorylated KdpD for blue native polyacrylamide gel electrophoresis (BN-PAGE) or gel ¢ltration, inverted membrane vesicles were phosphorylated with [Q-
32 P]ATP as described above, except that the reaction was stopped after 5 min by addition of 100 mM EDTA. Membrane vesicles were centrifuged and resuspended in 50 mM Tris-HCl, pH 7.5; 10% glycerol.
Blue native electrophoresis
BN-PAGE was done with 0.75 mm 4^20% polyacrylamide gradient gels, prepared by the method of Scha «gger and von Jagow [31] . Samples (50^100 Wg protein per lane) were mixed with 0.5% Coomassie blue G-250 and 50 mM aminocaproic acid and loaded on top of a 4% sample gel. The gel was run at 4³C at 100 V constant voltage. When the samples had completely passed the sample gel, the voltage was increased to 500 V at a maximum current of 15 mA. The cathode bu¡er (50 mM Tricine; 15 mM Bis-Tris, pH 7.0) ¢rst contained 0.02% Coomassie blue G-250. It was replaced by a bu¡er containing 0.002% Coomassie blue G-250 after one third of the run. After two thirds of the run a cathode bu¡er without Coomassie blue G-250 was used. After electrophoresis, gels were further destained in 5% methanol and 7.5% acetic acid. To determine the molecular mass of KdpD, several standard proteins with known native molecular masses were used: trypsin inhibitor (soybean), serum albumin (bovine; BSA), conalbumin (chicken egg), hexokinase (bakers yeast), L-amylase (sweet potato), catalase (beef liver), apoferritin (horse spleen) and heart mitochondria protein complexes (bovine; complex I, complex III and complex V).
Sephacryl S-300 chromatography
A`HiPrep Sephacryl S-300 120 ml' column (60 cm long, 1.6 cm diameter) was preequilibrated with column bu¡er (50 mM Tris-HCl, pH 7.5; 10% glycerol; 0.5 M NaCl and 0.04% dodecylmaltoside). About 500 Wg protein in 1 ml bu¡er was loaded onto the column. Protein was eluted with column bu¡er at a £ow rate of 0.2 ml/min and 2 ml fractions were collected. The collected fractions were analyzed by SDS-PAGE [30] . Phosphorylated KdpD was detected by exposure of the gel to a`Storage Phosphor Screen' and analyzed using the`Phosphorimager SI' of Molecular Dynamics.
Gel ¢ltration data are expressed in terms of K av , a parameter which is de¢ned as
where V e is the elution volume of the protein and V 0 is the void volume of the column. V 0 was determined using blue dextran. V t is the total volume of the column. For determining the molecular mass of solubilized and puri¢ed KdpD-6His, several molecular mass markers were used: cytochrome c (horse heart), trypsin inhibitor (soybean), L-lactoglobulin (bovine milk), conalbumin (chicken egg), BSA, hexokinase (bakers yeast), lactate dehydrogenase (rabbit muscle), aldolase (rabbit muscle), catalase (beef liver), L-amylase (sweet potato), apoferritin (horse spleen) and thyroglobulin (porcine). There is a relationship between elution volume (expressed in terms of K av ) and the Stokes radius of a protein [32] . Several proteins with known Stokes radii (thyroglobulin: 8.50 nm; apoferritin: 6.10 nm; catalase: 5.22 nm; aldolase: 4.81 nm, BSA: 3.55 nm) were analyzed. The 3(log K av ) 1a2 was plotted vs. Stokes radii. Using this curve the Stokes radius of KdpD was determined.
Sucrose gradient sedimentation analysis
Sucrose gradient sedimentation was done in a linear 5^20% sucrose gradient (10 ml) in 50 mM TrisHCl, pH 7.5. About 500 Wg protein in 250 Wl bu¡er (50 mM Tris-HCl, pH 7.5; 10% glycerol; 0.5 M NaCl; 0.04% dodecylmaltoside) was loaded on top of the gradient and centrifugation was performed for 18 h at 100 000Ug (Kontron TST 41.14 rotor) at 4³C. The gradients were fractionated in 0.5 ml aliquots and analyzed by SDS-PAGE [30] . Several proteins of known Stokes radii and sedimentation coef¢cients were used as standards: thyroglobulin (S = 18.32U10 313 s), apoferritin (16.84), catalase (11.30), aldolase (7.35) and BSA (4.30). After determining the sedimentation coe¤cient for KdpD-6His the molecular mass could be calculated using
where M is the molecular mass, a the Stokes radius, S the sedimentation coe¤cient, X the partial speci¢c volume (value used = 0.735), R the viscosity of the medium (value used = 1), b the density of the medium (value used = 1), and N Avogadro's number [33] .
Other analytical procedures
Protein was assayed by a modi¢ed Lowry method [34] , using BSA as standard. Proteins were separated by SDS-PAGE [30] using 7.5 and 9% acrylamide gels. Immunodetection of KdpD proteins with polyclonal antibodies against KdpD was performed as described [4] .
Crosslinking
For crosslinking studies, inverted membrane vesicles containing single Cys KdpD molecules (1 mg protein/ml) in 50 mM Tris-HCl, pH 7.5; 10% glycerol were used. The reaction was started by addition of 0.2 mM copper phenanthroline. The samples were incubated for 5 min at 37³C. The reaction was stopped by addition of 4.5 mM N-ethylmaleimide. Samples were mixed with SDS-sample bu¡er lacking L-mercaptoethanol and loaded onto a SDS gel. KdpD was identi¢ed by immunoblotting.
Results
Intermolecular complementation of the kinase activity of KdpD
To determine the functional oligomeric state of KdpD an experiment with two kinase inactive KdpD proteins was performed. The amino acids His 673 (H motif) and Asn 788 (N motif) of KdpD are conserved between the members of the family of sensor kinases [35] (Fig. 1) . Earlier, His 673 was shown to be the potential phosphorylation site in KdpD [4] . Replacement of this amino acid residue with Gln led to an inactive protein in vivo and in vitro (Fig. 2) . It has been proposed that the conserved Asn is part of the catalytic center of sensor kinases [35] . Here, we could show that replacement of Asn 788 with Asp led to the inactivation of the KdpD kinase activity (Fig. 2) .
The corresponding genes were coexpressed. Inverted membrane vesicles containing both KdpD-H673Q and KdpD-N788D were tested for kinase activity. After addition of ATP a signi¢cant auto- Fig. 1 . Schematic presentation of the sensor kinase KdpD. The model is based on both hydropathy plot analysis and studies with LacZ/PhoA fusions [5] . The boxes represent the four transmembrane domains (TM1^TM4). Sequence motifs characteristic of transmitter domains of sensor kinases (H, N, G1, F and G2) [35] and the position of the 6His-tag are indicated in the upper part. Below, positions of the native Cys residues of KdpD are marked. 32 P]ATP was carried out as described in Section 2. Inverted membrane vesicles were prepared from E. coli TKR2000 harboring plasmids pBD and pBD3 or pBD-H673Q and pBD3-N788D or pBD-N788D and pBD3-N788D or pBD-H673Q and pBD3-H673Q, respectively. phosphorylation of KdpD could be observed that reaches about 50% of the values determined for wild-type KdpD (Fig. 2) . This result indicates that KdpD-H673Q and KdpD-N788D form a functional heterooligomer. Furthermore, this result suggests that the kinase reaction of KdpD occurs in trans between two monomers.
Coelution of untagged truncated KdpD and
KdpD-6His from Ni-NTA-agarose
To elucidate the oligomeric state of the unphosphorylated sensor kinase KdpD we used Ni-a¤nity chromatography. For this purpose we coexpressed two modi¢ed kdpD genes encoding wild-type KdpD-6His and KdpD-(v128^391). Therefore, one KdpD has a His-tag and can bind to Ni-NTA agarose, whereas the other is untagged and does not bind signi¢cantly (data not shown). Furthermore, the molecular mass of the latter protein is reduced allowing easy distinction in a Western blot. We have shown previously that the truncation of amino acids 128 to 391 in KdpD neither in£uences the in vitro nor in vivo activities [8] . After preparation of inverted membrane vesicles both proteins were detectable in a Western blot (Fig. 3) . The band of KdpD-6His is Fig. 3 . Immunoblot analysis of the puri¢cation of KdpD-6His and KdpD-(v128^391) by Ni-a¤nity chromatography after coexpression of the corresponding genes. Lane 1, inverted membrane vesicles of E. coli strain TKR2000 harboring plasmids pBD-6His and pBD3-(v128^391); lane 2, protein that does not bind to the Ni-NTA resin; lane 3, elution of proteins bound to the Ni-NTA resin by increasing the imidazole concentration. Fig. 4 . BN-PAGE of solubilized and puri¢ed KdpD-6His. (A) Solubilized and puri¢ed KdpD-6His was mixed with Coomassie blue and aminocaproic acid and loaded on a 4^20% polyacrylamide gradient gel. As standard BSA (monomer, dimer and tetramer) was used. KdpD-6HisV 32 P was prepared by autophosphorylation of KdpD-6His in inverted membrane vesicles with [Q-32 P]ATP following solubilization with 2% dodecylmaltoside and ultracentrifugation. Solubilized KdpD-6HisV 32 P was treated as described above and loaded on BN-PAGE. After electrophoresis, the gel was exposed to a phosphorscreen, and the autoradiography is shown. The determined RF values for KdpD-6His and KdpD-6HisV 32 P were identical and are shown below. (B) Various soluble and membranebound proteins were run in BN-PAGE under the same conditions. For each protein the RF value was determined and a calibration curve was established. The RF values for the bands corresponding to KdpD-6His are marked by arrows. less intensive because the His-tag reduces the a¤nity of the polyclonal antibodies directed against KdpD. Both KdpD proteins were solubilized and loaded onto a Ni-NTA agarose column. Assuming that KdpD can form an oligomer, three forms of oligomers are expected to be formed: KdpD-6His homooligomers, KdpD-6His/KdpD-(v128^391) heterooligomers and KdpD-(v128^391) homooligomers. In the £ow through of the column truncated KdpD appeared that was not expected to bind to the column (Fig. 3) . Increasing the imidazole concentration in the wash bu¡er to 100 mM led to the coelution of both types of KdpD proteins (Fig. 3) . These results indicate that a heterooligomer between KdpD-6His and KdpD-(v128^391) can be formed when the corresponding genes are coexpressed.
Analysis of KdpD and KdpDV 32 P in native gels
As demonstrated above, KdpD is an oligomer rather than a monomer. To characterize the oligomeric state of KdpD further, solubilized and puri¢ed KdpD-6His was run in native gels. For this purpose, we used the blue native gel electrophoresis (BN-PAGE) established by Scha «gger [31] . BN-PAGE was developed to determine the molecular mass and the oligomeric state of membrane proteins. The electrophoretic mobility of the proteins is achieved by a charge shift due to the negative charge of bound Coomassie dye. Analysis of puri¢ed KdpD-6His in BN-PAGE resulted in three bands of equal intensity (Fig. 4A) . The protein bands were cut out from the gel and subjected to SDS-PAGE. The size of the protein of each analyzed band corresponded to that of KdpD (data not shown). Phosphorylated KdpD6His resulted in the same band pattern as it was detected by autoradiography (Fig. 4A) . From migration distances in BN-PAGE and known molecular masses of proteins, a calibration curve was deduced (Fig. 4B) . The behavior of these proteins in native gels was already described [31] . According to this calibration curve the three bands found for KdpD would correspond to a monomeric, dimeric and tetrameric state of the protein (Fig. 4B) .
Recently, we obtained evidence that Cys 852 and Cys 874 are able to form a disul¢de bridge [15] . Thus far, it was di¤cult to distinguish if an intraor an intermolecular disul¢de bridge can be formed. Therefore, puri¢ed KdpD-6His devoid of Cys residues was run in BN-PAGE, but no signi¢cant di¡er-ences in the band pattern in comparison to wild-type KdpD were observed (data not shown). Gel ¢ltration of KdpD-6His using a Sephacryl S-300 column. Approximately 500 Wg each of KdpD-6His and standard proteins with known molecular mass was applied to the column, eluted with column bu¡er into 2 ml fractions. A calibration curve of the column was obtained by plotting K av vs. log M r . KdpD-6HisV 32 P was prepared as described in Fig. 4 . The arrow marks the positions of KdpD-6His and KdpD-6HisV 32 P. (B) Sucrose gradient sedimentation analysis of KdpD-6His. Approximately 500 Wg of KdpD-6His or standard proteins was applied to 5^20% linear sucrose gradients and centrifuged at 100 000Ug for 18 h at 4³C. Gradient fractions were analyzed by SDS-PAGE. The sedimentation coe¤cient of KdpD-6His was determined from the calibration curve obtained by plotting the sedimentation coe¤cients of marker proteins vs fraction number.
Furthermore, the in£uence of the large cytoplasmic N-terminal domain of KdpD for the oligomerization of this protein was tested. When BN-PAGE was performed with puri¢ed KdpD lacking the Nterminal domain (KdpD-(v12^395)-6His), again three bands appeared that correspond to a monomeric, dimeric and tetrameric state of the truncated protein (data not shown).
Determination of the molecular mass of KdpD and KdpDV 32 P by gel ¢ltration and sucrose gradient sedimentation
The oligomeric state of KdpD was further characterized using gel ¢ltration and sucrose gradient sedimentation. A Sephacryl S-300 column was calibrated with standard proteins of known molecular masses and Stokes radii in detergent containing bu¡-er (Fig. 5A) , and subsequently, puri¢ed KdpD-6His was loaded onto the column. After elution, only one protein peak appeared that contained KdpD-6His. According to the calibration curve, the molecular mass could be determined to be 245 kDa (Fig. 5A) . Furthermore, radioactive labeled phosphorylated KdpD-6His was run under the same conditions. Again, the radiolabeled protein appeared in one peak that corresponded to phosphorylated KdpD6His as it was shown by SDS-PAGE analysis and autoradiography of these fractions. KdpD6HisV 32 P was eluted with the same volume bu¡er as the unphosphorylated form of KdpD.
Because the column was calibrated with standard proteins of known Stokes radii, a calibration curve of the column was obtained by plotting (3log K av ) 1a2 vs. Stokes radii of standard proteins (data not shown). According to this, the Stokes radius of KdpD was determined to be 5.4 nm.
The molecular mass of KdpD was also determined by sucrose gradient sedimentation. Di¡erent standard proteins for which the sedimentation coe¤cients and Stokes radii are known were loaded on sucrose gradients. According to the obtained calibration curve a sedimentation coe¤cient of 12.5U10 313 s was determined for KdpD-6His (Fig. 5B) . In addition with the determined Stokes radius for KdpD6His a molecular mass of 289 kDa can be calculated using equation [2] described in Section 2.
Crosslinking of single cysteine KdpD proteins
KdpD contains six Cys residues, two are located in the N-terminal domain, two in transmembrane domain 1 (TM1) and two in the C-terminal domain of the protein (Fig. 1) . Recently, we studied the e¡ect of Cys replacements on the activity of KdpD and obtained a functionally KdpD protein devoid of Cys residues [15] . To get more information about the domains of KdpD that are important for the stability of the dimer, crosslinking experiments with single Cys KdpD proteins were performed. For this purpose six KdpD proteins were tested, each contains one Cys residue at a native position [15] . Inverted membrane vesicles containing these proteins were treated with copper phenanthroline, a Cys null crosslinker. Subsequently, KdpD was analyzed in an immunoblot (Fig. 6 ). KdpD proteins with a Cys residue in the N-terminal domain (Cys 32 or Cys 256 ) could not be crosslinked after treatment with copper phenanthroline (data not shown). In the case of KdpD proteins with Cys residues in TM1 (Cys  402 or Cys   409Y respectively) an oligomeric band appeared after oxidation (Fig. 6) . Oxidation of single Cys residues at positions Cys 852 or Cys 874 , respectively, led to the formation of a distinct band that could represent a KdpD dimer and a band corresponding to a higher oligomeric form (Fig. 6) . As a control, KdpD devoid of Cys residues was tested. As expected no oxidation products could be detected (Fig. 6 ).
Discussion
Little is known about changes of the oligomeric state of membrane-bound sensor kinases upon activation. Dimerization plays an important role in transmembrane signaling of hormone receptors [16, 17] . This was also shown, for example, for the outer membrane phospholipase A of E. coli [38] . In contrast, the soluble transmitter domain of the sensor kinase EnvZ was shown to be a dimer in the unphosphorylated state [24] . Furthermore, in vivo studies of the sensor kinase VirA of Agrobacterium tumefaciens revealed that ligand-binding does not in£uence the dimeric state of this protein [23] . Here, we determined the molecular mass of the unphosphorylated and phosphorylated forms of the full length sensor kinase KdpD using di¡erent techniques.
Replacement of Asn 788 of the conserved N motif of sensor kinases (Fig. 1) led to the inactivation of the kinase activity of KdpD. Replacement of the corresponding Asn residue in EnvZ produced also a kinase 3 EnvZ derivative [36] . Coproduction of KdpD-N788D with a KdpD molecule in which the phosphorylation site is abolished (KdpD-H673Q) led to an active heterooligomer. This result suggests that the functional state of KdpD is a dimer or an oligomer and that the phosphorylation of KdpD is a reaction between two monomers. Similar observations were obtained for other sensor kinases [19^22] .
Furthermore, we found that the unphosphorylated KdpD is also not monomeric but oligomeric. Coproduction of KdpD-6His and KdpD-(v128^391) resulted in stable heterodimers that could bind to Ni-NTA agarose and coelute upon an increase of the imidazole concentration.
According to the amino acid sequence, a KdpD6His monomer has a calculated molecular mass of 99.6 kDa. In native gels three bands that would correspond to KdpD monomer, dimer and tetramer were observed. Because it is unlikely that KdpD exists in three di¡erent oligomeric states, these ¢ndings might be due to the conditions applied and might simply re£ect an aggregation tendency. Also for BSA three bands corresponding to di¡erent oligomeric states were observed (Fig. 4) . Although the same band pattern for the unphosphorylated as well as phosphorylated form of KdpD-6His was observed (Fig. 4) , it is therefore di¤cult to draw conclusions about possible changes of the oligomeric state of KdpD upon phosphorylation.
The molecular mass of solubilized KdpD-6His was determined by gel ¢ltration and sucrose gradient sedimentation to be 245 kDa and 289 kDa, respectively. Considering that detergent is bound to the protein, the oligomeric state of KdpD can be determined to be a dimer. The amount of detergent associated with puri¢ed intrinsic membrane proteins increases the mass of the protein, depending on the detergent, by a factor of 0.3 to 1.5 [33] . Because solubilized KdpD shows no enzymatic activity [7] , we were not able to determine this value exactly by, e.g. radiation inactivation. The experiments with KdpD were done with dodecylmaltoside. Using the same detergent, the amount associated with mammalian cytochrome c oxidase was determined to be 0.55 fold of the molecular mass of this protein [37] . Because KdpD is less hydrophobic than cytochrome c oxidase the amount of bound detergent should be less than 0.55 fold of the protein mass. Therefore, the estimated molecular masses ¢t well with a KdpD-6His dimer.
The results obtained clearly support the notion that KdpD exists as a dimer. We could not ¢nd signi¢cant di¡erences between the estimated molecular masses of the phosphorylated and unphosphorylated forms of KdpD. Therefore, we conclude that KdpD does not undergo a transition from monomer to dimer upon phosphorylation. In the case of the aspartate receptor Tar of E. coli also no change in the oligomeric state upon ligand binding has been observed [18] .
Crosslinking experiments with copper phenanthroline demonstrated that Cys residues located in the transmitter domain or transmembrane domain 1 can easily be oxidized resulting in dimers or higher order KdpD oligomers. From this it was concluded that the transmembrane domains and the transmitter domains, respectively, of the monomers are in close contact. It has been described previously that oligomeric membrane proteins have a radial or pseudoradial symmetric structure, and hydrophobic interactions between the transmembrane domains are important for oligomerization [39] . The dimer of KdpD dissociates nearly completely into monomers under denaturing conditions. Therefore, the interactions between the KdpD monomers seem to be based mainly on hydrophobic forces.
Disul¢de bridges between Cys residues do not seem to have an in£uence on the stabilization of the dimer, because KdpD devoid of Cys residues is indistinguishable from wild-type KdpD in BN-PAGE. It has been shown previously that the Cys residues at positions 852 and 874 are able to form a disul¢de bridge [15] . Due to the behavior of KdpD devoid of Cys residues in native gels this disul¢de bridge can only be intramolecular rather than intermolecular. However, the function of this disul¢de bridge is still unclear.
BN-PAGE of a truncated KdpD protein missing amino acids 12^395 revealed that the truncation of this domain does not in£uence dimer formation. Furthermore, Cys residues located in this domain could not be oxidized by copper phenanthroline. Recently, we obtained evidence that a regulatory ATP binding site is located in the N-terminal domain [8] . Binding of ATP or non-hydrolyzable ATP analogs to this site seems to modulate the phosphatase activity of KdpD. Whether this modulation occurs by alterations of the accessibility of this site to ATP and therefore high structural £exibility of this domain is required, awaits further experimental evidence.
In summary, we demonstrated that KdpD is a homodimer and that there is no switch in the oligomeric state upon phosphorylation. Furthermore, we could show that the phosphorylation reaction in KdpD occurs in trans.
